1. Introduction {#sec1}
===============

During the last decade many research and development studies have focused on renewable energy, in particular solar energy conversion through photovoltaic cells. Photovoltaic conversion of solar energy occurs in semiconducting materials which have the property of releasing their charge carriers (electrons and holes) after absorption of photons and heat from sunlight. Such conversion is based on photovoltaic effect \[[@bib1]\]. These technologies have reached an industrial stage using cells based on crystalline silicon. However, a large number of scientists are working on other materials such as Cu (In, Ga) Se~2~ and CdTe \[[@bib2], [@bib3]\] thin film solar cells to save the active materials and the energy used in their manufacturing. The efficiency for these technologies is over 20% \[[@bib4]\]. Unfortunately, these materials are based on elements that are rare, expensive or toxic which could compromise their development. To alleviate this drawback many research efforts have been done on the development of thin film solar cells composed of abundant and non-toxic elements such as Cu~2~ZnSnS~4~ (noted CZTS) \[[@bib5], [@bib6]\]. It has interesting optical and electrical properties such as a band gap of 1.5 eV and a high absorption coefficient (10^4^ cm^−1^) \[[@bib7],[@bib8]\]. The latest efficiency records with CZTS (Se) absorbers reach 12.6% \[[@bib9]\]. In experimental studies, various procedures have been applied for CZTS thin film fabrication using different methods of deposition techniques such as: sol-gel \[[@bib10], [@bib11]\], electroplating \[[@bib12], [@bib13]\], spray pyrolysis \[[@bib14]\], pulsed laser deposition \[[@bib15], [@bib16]\], co-evaporation \[[@bib17]\] etc. In addition, there are also some reports on theoretical studies of CZTS which have presented a reasonable understanding of the stable Kesterite crystalline and electronic structures of CZTS \[[@bib18], [@bib19]\]. Chun-Ran Li reported the first principle calculations of Cu~2~ZnSnS~4~ (CZTS) under biaxial strain, where electrical properties were systematically investigated using CASTEP code based on generalized gradient approximation and hybrid functional method; he found that the change trend of optical band gap is consistent with fundamental band gap under biaxial strain \[[@bib20]\].

However, strain effect is a potential tool for altering the atomic positions and defect formations. It can adjust the electronic structures and lattice vibrations. It can also affect the phase transition of the structure, and phase transformation inevitably as well as in the physical and chemical properties. Consequently, the use of the strain plays an important role in the material properties. To the best of our knowledge, research on electronic, optical and electrical properties of CZTS under compression and dilatation has not been previously reported. These strains have an important effect on this material, so exploring the electronic, optical and electrical properties of CZTS is of great importance to illuminate the properties of CZTS.

This paper reports the first-principle calculations results of the effects of biaxial strain on the electronic, optical, structural and electrical properties of CZTS using Tran Blaha-Johnson (mBJ) method \[[@bib21]\].

This paper is organized as follows: in Section [2](#sec2){ref-type="sec"} we give the computational details and brief description of calculation method. The theoretical results description and discussion are presented in Section [3](#sec3){ref-type="sec"}. Finally conclusions are mentioned in Section [4](#sec4){ref-type="sec"}.

2. Computational methods {#sec2}
========================

The First-principles calculations are performed with full potential linearized augmented plane (FP-LAPW) method, as implemented in WIEN2K code \[[@bib22]\], using the Tran-Blaha modified Becke-Johnson (TB-mBJ) potential \[[@bib23]\] to describe the effect of the exchange and correlation function \[[@bib24]\]. The advantage of this method is to improve band gaps obtained by the conventional density functional theory (DFT)-based methods, which provide the results for wide band gap insulators, sp semiconductors, 3d transition-metal oxides \[[@bib25], [@bib26]\] half-metallicity \[[@bib27], [@bib28]\] and doped semiconductor systems \[[@bib29], [@bib30]\]. Tran and Blaha tested the exchange potential proposed by Becke and Johnson (BJ) \[[@bib23]\] which was designed to reproduce the exact exchange potential form "the Optimized effective potential" (OEP). They found that the use of the BJ potential combined with the correlation potential of the LDA always results in underestimated gap energies. In order to improve these results, Tran and Plaha introduced a simple modification of the original BJ potential and achieved good agreement with other more expensive approaches (due to their high self-alignance) such as hybrid functions and the GW method. The modified BJ potential (Mbj) proposed by Tran and Blaha has the following form:$$\text{υ}_{\times \text{σ}}^{\text{MBJ}}\left( r \right) = \text{c}\text{υ}_{\times ,\text{σ}}^{\text{BR}}\left( r \right) + \left( {3\text{c} - 2} \right)\frac{1\ \ }{\pi}\ \sqrt{\frac{5}{12}}\text{~~}\sqrt{\frac{2t_{\sigma}\left( r \right)}{\rho_{\sigma}\left( r \right)}}\ $$where $\rho\left( r \right)$ is the density of electrons, $t_{(r)}$ is the density of kinetic energy and $\text{υ}_{\times \text{σ}}^{\text{MBJ}}$ is the potential of Becke-Roussel (BR) \[Becke (1989)\] which was proposed to model the coulombian potential created by the exchange hole. The index σ is the spin rating.

In [Eq. (1)](#fd1){ref-type="disp-formula"} c was chosen to depend linearly on the square root of the average of $\frac{\left| {\nabla\rho\left( {r'} \right)} \right|}{\rho\left( {r'} \right)}$ and$$\text{c} = \text{α} + \text{β}\left( {\frac{1}{Vc_{ell}}\ {\int{c_{ell}\ \frac{\left| {\nabla\rho\left( {r'} \right)} \right|}{\rho\left( {r'} \right)}\ d^{3}\ r'}}\ } \right)^{1/2}$$where $Vc_{ell}$ is the unit cell of volume, in [Eq. (2)](#fd2){ref-type="disp-formula"} $\text{α}$ and $\text{β}$ are two free parameters whose values are: $\text{α} = - 0.012$ and $\text{β} = 1.023\ $ bohr^1/2^ according to a fit to the experimental band gaps.

For c = 1, the original BJ potential is reproduced. By varying c for a given material, it was found that for several solids, the gap energy increases in a monotonous way compared to c. Specifically, for solids with small gaps, C~opt~ extends from (1.1--1.3) whereas for solids of a larger gap, C~opt~ is larger (its value varies from 1.4 to 1.7) \[[@bib23]\].

In the (FP-LAPW) method, the unit cell is specified in two regions: Rmt radius spheres (muffin-tin-like spheres) (spheres that do not overlap and are centered on each Rmt radius atom).the interstitial region (the remaining region). Wave functions, electronic densities and potential are developed in combination of spherical harmonics multiplied by the radial functions around atomic sites, that is, in the spheres muffin-tin with cut-off radius (cut-off) of Lmax = 10, Also we use the value 7 of (Rmt × Kmax); Rmt is the smallest muffin-tin radius and Kmax is the cutoff for the plane wave). The first step is to specify the values of the important parameters that affect the time and accuracy of the calculation: Rmt values \[muffin-tin sphere radius, unit data atomic (u.a)\] that we have used represent a good choice for the calculation. This choice is based on two criteria:1Ensure the integration of the majority of the electrons of the heart into the sphere (Muffin-tin).2Avoid overlapping spheres (Muffin-tin).

The cut-off parameter (Rmt × Kmax), used for the development in plane waves of own functions. Gmax = 12 is the standard of the largest wave vector used for the development of load density in plane waves. The 2 × 2 × 2 division for k-point sampling was used and the tetrahedral method \[[@bib31]\] was employed for the Brillouin zone integrations. A number of iterations (40) are dedicated to accomplishing self-consistency. The muffin tin radii for Zn, Cu, Sn and S are chosen to be 2.19, 2.20, 2.26 and 1.79 a.u respectively. Structural optimization involves determining the fundamental condition. The iteration process is repeated until total energy is stable at 10^−5^Ry.The energy that separates the states of valence and those of the core was taken equal to -6 Ry. Electronic configurations used in our calculations as values for the atoms are: Zn (3d^10^ 4s ^2^), Cu (3p^6^ 4s ^2^ 3d^9^), Sn (4d^10^ 5s ^2^ 5p^2^) and S (3s ^2^ 3p^4^).

The definition of these strains parallel to a, and c-axis can be found in Ref. \[[@bib32]\]. The biaxial and uniaxial in-plane strain is defined by (Eqs. [(3)](#fd3){ref-type="disp-formula"} and [(4)](#fd4){ref-type="disp-formula"}):$$\delta_{a} = \delta_{b} = \frac{a - a_{0}}{a_{0}} \times 100\%\ \ biaxial\ strain$$$$\delta_{c} = \frac{c - c_{0}}{c_{0}} \times 100\%\ uniaxial\ strain$$where $a_{0 =}b_{0}$ and $c_{0}$ is the optimized lattice constants of the unstrained bulk Cu~2~ZnSnS~4~, and $a = b\ ,c\ $ is the in-plane lattices constants of bulk Cu~2~ZnSnS~4~ under strain. The electrical coefficients are derived using the semi-classical Boltzmann theory as implemented in the Boltzmann (BoltzTraP) program \[[@bib33]\].

3. Results and discussions {#sec3}
==========================

3.1. Geometry optimization {#sec3.1}
--------------------------

Before presenting our results for strained CZTS, we first discuss, the unstrained CZTS of kesterite structure (I-4; No.82) \[[@bib34],[@bib35]\] by comparing our results with experimental works \[[@bib36], [@bib37]\]. This structure is characterized by the cations in a and b sites and anion in d, the positions 2a, 2b, 2c and 2d are in both cases occupied respectively by Cu, Sn, Cu and Zn. Thus the cations form planes normal to the lattice constant c, on which Cu/Zn occupy the plane 2c/2d and the plane 2a/2b is occupied by Cu/Sn. These cation planes are related chalcogen planes on the 8g position. (see [Table 1](#tbl1){ref-type="table"}).Table 1Wyckoff positions of compound Cu~2~ZnSnS~4~.Table 1**Cu à 2a000**Cu à 2c00.50.25Zn à 2d00.50.75Sn à 2b000.5S à 8g0.75620.24340.12821

Total energy as a function of volume for kesterite CZTS is presented in [Figure 1](#fig1){ref-type="fig"} where the total energy is fitted by the Murnaghan\'s [Eq. (5)](#fd5){ref-type="disp-formula"} \[[@bib38]\].$$E\left( V \right) = E_{0\ } + \frac{B_{0} \times V}{{B^{\text{'}}}_{0}}\ \left\lbrack {\frac{\left( {V_{0}/V} \right)^{B\text{'}_{0}}}{B\text{'}_{0} - 1}\  + 1\ } \right\rbrack\text{~~} - \ \frac{B_{0} \times V\text{~~~~~}}{B\text{'}_{0} - 1}\text{~~~~}$$where $V_{0}\ $ is the equilibrium volume, $E_{0}$ is the equilibrium energy, $B_{0}\ $ the bulk modulus, and is $B\text{'}_{0}\ $ the first derivative of $E_{0\ }$ with respect to pressure.Figure 1The variation of total energy as a function of volume.Figure 1

From this equation we determine the lattice parameters ($a_{0}$ = $b_{0}$ and $\ c_{0}$) corresponding to the minimal energy. The obtained values of these parameters are $a_{0} = 5.49\ Å$ and $\ \frac{c_{0}}{a_{0}} = 2$; this result is in accordance with reported experimental values of $a_{0} = 5.42\ Å$ and $\ \frac{c_{0}}{a_{0}} = 2\ $respectively \[[@bib39], [@bib40], [@bib41]\]. This accordance confirms that the used calculation method is correct; then, the same method is followed for the rest of the work presented in this article

In this part, using mBJ method \[[@bib21]\], the effect of strain ranging from $\delta = - \ 6\%\ $ to $\delta = + \ 6\%\ $ on physical properties, where negative and positive values represent compression and dilatation respectively were analyzed. The equilibrium lattice parameters corresponding to the minimal total energy are shown in Tables [2](#tbl2){ref-type="table"} and [3](#tbl3){ref-type="table"} for pure compound without strain as well as effects of, dilatation and compression. A biaxial strain is applied at a first time simultaneously on a and b axis while the structure is maintained unconstrained on c direction; and at a second time, the strain is applied on c axis while the structure is maintained unconstrained on a and b directions.Table 2Equilibrium lattice parameters of CZTS corresponding to the minimal total energy (under biaxial strain).Table 2$\mathbf{a} = \mathbf{b}\ \left( Å \right)$E~t~ (Ry)$\mathbf{c} = \mathbf{c}_{0}\ \left( Å \right)$Pure0%5.49-25764.3610.98Dilatation2%5.60-25764.3310.984%5.70-25764.3010.986%5.81-25764.2810.98Compression-2%5.38-25764.3310.98-4%5.27-25764.3010.98-6%5.16-25764.2810.98Table 3Equilibrium lattice parameters of CZTS corresponding to the minimal total energy (under uniaxial strain).Table 3$\mathbf{a} = \mathbf{a}_{0} = \mathbf{b}_{0\ }\ \left( Å \right)$E~t~ (Ry)$\mathbf{c}\ \left( Å \right)$Pure0%5.49-25764.3610.98Dilatation2%5.49-25764.3511.194%5.49-25764.3411.416%5.49-25764.3311.63Compression-2%5.49-25764.3510.76-4%5.49-25764.3410.54-6%5.49-25764.3310.32

The results show that the t∖otal energy of system increases with both increasing the compressive strain (from 0% to −6%) and tensile strain (from 0% to 6%). As we can see, the minimum strain energy is located at $\ \delta = 0\%$.

3.2. Electronic properties {#sec3.2}
--------------------------

### 3.2.1. Density of states {#sec3.2.1}

The electronic properties of CZTS with and without strain are performed for a series of uniaxial and biaxial strains values from -6% to +6%. The obtained results show similar behavior for the total and partial density of states (DOS) with a shift on pic positions illustrated in [Figure 2](#fig2){ref-type="fig"} For clarity, the DOS for $\delta = - \ 6\%\ ,0\%\ $ and +$6\%\ $ were represented.Figure 2Total and partial density of state for Cu~2~ZnSnS~4~ pure (a), and under (c--e) uniaxial and (b--d) biaxial strains.Figure 2

In this part the effect of a compression or tensile strains, which causes a variation of the parameters a = b and c which increase under biaxial and uniaxial compression and shrink under tensile were studied as shown in Tables [2](#tbl2){ref-type="table"} and [3](#tbl3){ref-type="table"}.

The VB (Valence Band) was divided into two regions. The first region of the lower energy \[-5.71eV, -2.66eV\] contains contribution of Cu-d, Cu-p, Zn-p and S-p states, the second region \[-1.32eV; 0eV\] is dominated by Cu-d, Cu-p, Sn-p, Sn-d, Zn-p and S-p states. The CB (Conduction Band) minima contains only contributions of Cu-s states. See ([Figure 2](#fig2){ref-type="fig"}a).

From the DOS of [Figure 2](#fig2){ref-type="fig"}(b, c, d and e), the imposed compression and dilatation affected the band gap of Cu~2~ZnSnS~4~. Just below the Fermi level, the valence bands are dominated by the S-p, Cu-d and Cu-p states. However, the Cu-p state contribution becomes less visible under dilatation, whereas Cu-s has shifted away from the CB minima towards higher energy.

To illustrate the effect of strain on the gap energy, we inspect the total DOS of the valence band VB maxima and the conduction CB band minima (see [Figure 3](#fig3){ref-type="fig"}). It is clear to see that the VB minima is almost not effected by the applied uniaxial ([Figure 3](#fig3){ref-type="fig"}a), or biaxial strain, which is supported by DOS of these systems under biaxial and uniaxial strains. Whereas the energy gap variations are mainly induced by the changes of the CB minima that decrease linearly with the applied uniaxial ([Figure 3](#fig3){ref-type="fig"}b) strain from $\delta = - \ 6\text{\%}$ to $\delta = + \ 6\text{\%}$.Figure 3The density of states under uniaxial strains for the (a) VB and (b) CB. The Fermi energy level is shifted to 0 eV.Figure 3

3.3. Optical properties {#sec3.3}
-----------------------

To confirm what is shown in the density of states in the electronic properties Section, the variation of band gap as a function of in-plane biaxial strains and uniaxial strain were plotted as shown in [Figure 4](#fig4){ref-type="fig"}. The unstrained band gap of CZTS calculated by mBJ method is 1.51 eV, which is consistent with reported experimental results \[[@bib42], [@bib43]\].Figure 4Optical band gap as a function of in-plane biaxial strains following a and b axis and uniaxial strain following c axis.Figure 4

It can be found that the band gap of CZTS decreases linearly while the uniaxial or biaxial tensile strain increase. Under the applied uniaxial tensile strain $\ \delta_{c} = + \ 6\text{\%}$, the band gap of CZTS decreases to a minimum value of 1.2 eV. But for the uniaxial compressive strain, the energy gap of CZTS reach 1.76 eV under$\text{~~}\delta_{c} = - 6\text{\%}$. Similar phenomenon also occurs in the situation of biaxial strain, the band gap of the considered system decreases linearly to 0.91 eV while increasing the biaxial tensile strain to $\ \delta a = \delta b = + \ 6\text{\%}$. For the biaxial compressive strain, the energy gap of CZTS increases to 2.18 eV unde $\ \delta_{a} = \delta_{b} = - 6\text{\%}$.

The variation of Eg vs δ is linear and can be fitted by a linear function (Eqs. [(6)](#fd6){ref-type="disp-formula"}, [(7)](#fd7){ref-type="disp-formula"}, and [(8)](#fd8){ref-type="disp-formula"}).$$E\left( \delta \right) = A + B \times \delta$$$$Eg\left( \delta \right) = 1.511 - 10.625 \times \delta a\text{~for~a~and~b~axis~strain}$$and$$Eg\left( \delta \right) = 1.511 - 4.714 \times \delta c\text{~for~c~axis~strain}$$

Absorption spectra of semiconductors show that the optical absorption falls rapidly towards the infrared. The photon energy, at the absorption threshold (maximum energy of absorption edge) corresponds to the bands gap Eg found by other methods \[[@bib44], [@bib45]\]. If we submit the crystal to a variable (strain-stress) then we find that the absorption curve moves towards the big or the short wavelengths.

The displacement of the value extrapolated for absorption edge gives a direct measure of the change of Eg with compression or tension. For the CZTS, the edge of absorption, under the influence of an increasing compression, moves towards the short wavelengths; and furthermore the curves move to high wavelengths under dilatation **(**[Figure 5](#fig5){ref-type="fig"}**).**Figure 5Relation between the absorption and wavelengths for the (a) under different biaxial strains following a and b axis and for the (b) under different uniaxial strains following c axis.Figure 5

The value of absorption increases corresponding to increasing the strain from −6% to +6% **(see (**[Figure 5](#fig5){ref-type="fig"}a **and** [Figure 5](#fig5){ref-type="fig"}b**)**. The phenomena could be attributed to the decrease of the electronic transition energy with the strain, which results in more photons being absorbed.

The calculated electrical conductivities for both cases are shown in ([Figure 6](#fig6){ref-type="fig"}a and [Figure 6](#fig6){ref-type="fig"}b) it is calculated by using BoltzTrap code \[[@bib33]\] implemented in the WIEN2k package. The theoretical Boltzmann method is described in this study \[[@bib46]\].Figure 6Electrical conductivity for the (a) as a function of in-plane biaxial strains following a and b axis and for the (b) uniaxial strain following c axis.Figure 6

The results show that with an increase in dilatation the conductivity of the material also increases and reaches its maximum.

The dilation of the material corresponds to increase of the interatomic distance, which leads to a fragility of bonds, which consequently facilitates their breaking and thereafter generates an increase of free charges and an increase in electrical conductivity.

4. Conclusion {#sec4}
=============

In this paper the main structural parameters that influence the electrical and optical properties of CZTS as a material for photovoltaic application were studied. The effect of a compression or tensile strains were followed by variation of the lattice parameters a and c which increase under biaxial compression and shrink under tensile. The unstrained band gap calculated by mBJ method of CZTS is 1.51eV, which is consistent with the reported experimental results. The band gaps increased with increasing compression as well as decreased by increasing dilation following both a and c axes. Absorption spectra of semiconductors show that the optical absorption under strain falls rapidly towards the infrared. The calculated electrical conductivity indicates that when increasing dilatation the conductivity of the material also increases.
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